ABSTRACT-The present study was designed to determine the relationship between changes in gastric function caused by aging and the healing of gastric ulcers. Male Fischer-344 rats (young, 2 months; aged, 24-26 months) were used. Gastric ulcers were induced by luminal application of an acetic acid solution (60%, 0.2 ml, 45 sec). The basal and histamine-stimulated gastric acid secretions in aged animals were significantly lower than those in young animals. However, the serum gastrin levels were almost the same in the two groups. Gastric mucosal blood flow and mucosal cell proliferation were also decreased in aged animals. Gastric contractile activity induced by electrical vagal stimulation was almost the same in the two groups, while the gastric relaxative response was significantly reduced in aged animals. The development and healing rate of gastric ulcers in aged animals were almost the same as those in young animals. Histologically, regeneration of the ulcerated mucosa was significantly reduced and tissue contraction occurred in aged animals, as compared to in young animals. We concluded that aging had little or no influence on the development and healing rate of gastric ulcers in rats, but the quality of ulcer healing was quite different between young and aged animals, probably resulting from various gastric dysfunctions related to ulcer healing. It is well-known that aging causes many functional changes in the body. Several investigators have already reported changes in functions such as gastric secretion (1, 2) and the serum gastrin level (3 -6), gastric mucosal blood flow (7), bicarbonate secretion (8), and mucosal cell proliferation (4) in the stomach of aged animals. O'Brien et al. (9) reported that aging had no influence on the spontaneous healing of acetic acid ulcers in 2-and 12-monthold rats. In general, gastric acid secretion, gastric mucosal blood flow and mucosal cell proliferation are considered to be profoundly involved in ulcer healing (10). Recently, we reported the importance of tissue contraction in the healing of gastric ulcers in rats (11, 12) . The aim of this study was to compare the functional changes in the stomachs of young (2-month-old) and aged (24-to 26-month-old) rats and to compare the development and healing of chronic gastric ulcers in the two groups.
It is well-known that aging causes many functional changes in the body. Several investigators have already reported changes in functions such as gastric secretion (1, 2) and the serum gastrin level (3 -6) , gastric mucosal blood flow (7) , bicarbonate secretion (8) , and mucosal cell proliferation (4) in the stomach of aged animals. O'Brien et al. (9) reported that aging had no influence on the spontaneous healing of acetic acid ulcers in 2-and 12-monthold rats. In general, gastric acid secretion, gastric mucosal blood flow and mucosal cell proliferation are considered to be profoundly involved in ulcer healing (10) . Recently, we reported the importance of tissue contraction in the healing of gastric ulcers in rats (11, 12) . The aim of this study was to compare the functional changes in the stomachs of young (2-month-old) and aged (24-to 26-month-old) rats and to compare the development and healing of chronic gastric ulcers in the two groups.
Animals
Young (2-month-old, 180 -200 g) and aged (24-to 26-month-old, 420-450 g) male Fischer-344 rats (Charles River, Kanagawa) were used. The animals had free access to laboratory rat chow (CE-2; Nihon Clea, Osaka) and tap water. The animals were deprived of food for 24 hr before the experiments unless stated otherwise. Drinking water was freely available to the animals up to 2 hr before the experiments. During fasting, all animals were kept in mesh-bottom cages to prevent coprophagy. All experiments were performed with paired young and aged animals, and 4 to 10 animals were used for each group.
Induction of acetic acid-induced gastric ulcers
Acetic acid-induced gastric ulcers were induced by luminal application of an acetic acid solution according to the previously described method (13) . Briefly, the abdomen of an animal that had been fasted for 24 hr before the operation was incised and the stomach exposed. Then the anterior and posterior walls of the gastric fundus were clamped together with forceps with a round ring (ID, 9 mm). A 60% acetic acid solution (0.2 ml) was injected into the clamped lumen with a needle (gauge 21) through the forestomach. Forty-five seconds later, the acid was removed and the abdomen closed. The animal was fed normally thereafter. To determine the sizes of ulcers, animals were killed with an overdose of ether at 1, 10 and 20 days after acetic acid application, and their stomachs were removed. The stomachs were opened along the greater curvature and rinsed with cold saline. Then the stomachs were pinned to a cork board and then inflated, and the areas (mm2) of the ulcers were determined under a dissecting microscope (x 10; Olympus, Tokyo) with a square grid. After determination of the ulcer area, the stomachs were fixed with 10% formalin for 24 hr for a histological study. With this intraluminal application method, two ulcers developed, one each on the anterior and posterior walls of the stomach. The reason we selected this ulcer model was to avoid any adhesion of the ulcer base to the surrounding organs, which invariably occurs in the case of conventional acetic acid ulcers. In addition, we had already confirmed that these ulcers heal with time in a similar manner and respond equally to antisecretory agents (13) . The areas of ulcers on the two walls were summed in the present study.
Histological study
A histological study was performed according to the method previously described by Ogihara and Okabe (11) . At autopsy, small pieces of tissue were embedded in paraffin and sectioned at 4 tam. Hematoxylin-eosin staining was performed. The lengths of the ruptured muscularis mucosa and regenerative mucosa at the ulcer edges were measured under a light microscope as parameters of tissue contraction and regeneration of the ulcerated mucosa, respectively.
Gastric secretion
Basal and histamine-stimulated gastric acid secretion were determined by means of pylorus ligation in normal animals. In the case of basal secretion, the pylorus was ligated under ether anesthesia through a short midline incision. The animals were killed 4 hr later, and the gastric contents were collected and analyzed for volume, acidity and pepsin output. The acidity was determined by automatic titration of the contents against 0.1 M NaOH to pH 7.0 (Comtite 5; Hiranuma, Tokyo). Total acid output (volume x acidity) was expressed as tpEq/hr. Pepsin activity was determined according to the method of Anson (14) . Pepsin output was expressed as mg pepsin/hr. For stimulated secretion, histamine 2HC1 (Nacalai, Kyoto) was injected s.c. at the dose of 20 mg/kg immediately and 2 hr after ligation.
Serum gastrin level and antral gastrin content
In a separate study, normally fed animals were anesthetized with ether. Blood was collected from the aorta desendens, and the stomach was immediately removed. The blood was left for 1 hr at room temperature and then centrifuged to obtain serum. The antrum was dissected and weighed. Each sample was homogenized in 5 ml of distilled water, and then boiled in a water bath for 20 min. The samples were centrifuged at 3,000 rpm for 20 min, and the supernatant fractions were stored at -20 C before determination of the gastrin concentration. Gastrin was determined by means of a radioimmunoassay (Sanyo-Kasei, Tokyo) and expressed in equivalents of the standard, synthetic human gastrin I (pg/ml, ng/mucosa).
Cell proliferative activity The cell proliferative activity of the fundic mucosa in normal animals was determined by measuring the incorporation of 3H-thymidine into DNA under non-fasted conditions according to the previously described method (15) . Briefly, the stomach of a normal animal was removed and the fundic mucosa was scraped off with a glass slide. The mucosa was incubated for 30 min at 37C in medium 199 (Wako Chemicals, Osaka) containing 2 tiCi/ml 3H-thymidine (specific activity, 10 Ci/mmol; American Radiolabeled Chemicals, Inc., St. Louis, MO, USA). The reaction was stopped with perchloric acid, followed by hydrolysis with 0.3 N KOH to remove RNA. DNA was hydrolyzed with 10% perchloric acid at 701C for 20 min and then centrifuged to remove denatured protein. The incorporation of 3H-thymidine into DNA was determined by counting 1.0 ml of DNA-containing supernatant in a scintillation counting system. Using calf thymus DNA as a standard, the DNA content of the sample was determined by the procedure of Burton (16) , as modified by Giles and Mayers (17) . DNA synthesis was expressed as disintegration per minute per microgram of DNA.
Gastric mucosal blood flow
Gastric mucosal blood flow was measured in rats with 5-day-old ulcers by Laser Doppler flowmetry (model ALF-2100; Advance, Tokyo) under anesthetized conditions induced with urethane (1.25 g/kg, i.p.). The abdomen was incised, and the stomach was exposed and mounted on a Lucite chamber, as described by Takeuchi et al. (18) . The laser probe was then placed on the ulcer margin or intact mucosa, and the mucosal blood flow was monitored. The data were expressed as percent changes from the value for intact mucosa.
Gastric motility
Gastric motility was measured with a balloon according to the method of Takeuchi et al. (19) . The balloon and support catheter were inserted into the stomach through a small incision in the forestomach. The catheter was connected to a pressure-transducer and a polygraph device (6M-72, San-Ei, Tokyo), and gastric motility was measured continuously as intraluminal pressure. The basal intragastric pressure was set at 10 cmH2O. Gastric contraction or relaxation was induced by electrical vagal stimulation (20 
Animals
The mean body and stomach weights of aged animals were markedly higher than those of young animals (Table 1) . However, the consumption of food and water by aged animals were almost the same as those by young animals. Ulcer healing When acetic acid was applied to the gastric lumen, kissing gastric ulcers developed on both the anterior and posterior wall, with a 100% incidence in young and aged animals. The ulcerated areas in young and aged animals at 1 day after acid application were 110.7 ± 6.4 mm2 and 107.8± 11.5 mm2, respectively (Fig. 1) . These ulcers healed with time in a similar manner. The areas of ulceration on the 10th day were 27.3:i--1.4 mm2 in young and 29.0± 1.8 mm2 in aged animals. On the 20th day, the ulcer sizes in both groups had decreased further; however, the ulcers of aged animals were small but significantly larger than those of young animals. The areas of ulcers in young and aged animals on the 20th day were 6.3±0.3 mm2 and 8.6 ± 0.5 mm2, respectively. There was a significant difference between the two groups.
Histologically, the length of the regenerated mucosa was determined at 10 and 20 days in young animals, the values being 0.21 ±0.05 mm and 1.23±0.10 mm, respectively (Fig. 2) . In aged animals, it was significantly less than that in young animals, the values being 0.00 mm at the 10th day and 0.81 ± 0.08 mm at the 20th day. The length of the ruptured muscularis mucosa of aged animals was also less than that of young animals, the values being 4.04±0.13 mm at the 10th day (vs 4.50±0.32 mm in young animals) and 3.68:±:0.14 mm at the 20th day (vs 4-10-1-0-15 mm)_ 
Gastric secretion
Basal gastric acid secretion (volume and acid output) in young animals was 4.0±0.3 ml/rat and 101.3±8.8 iEq/hr, respectively (Fig. 3) . Aging caused a significant reduction of basal gastric acid secretion, the values being 1.5 ± 0.2 ml/rat and 16.4 ± 3.9 ttEq/hr, respectively. Pepsin output was also decreased in aged animals, the value being 1.4--L0.2 mg pepsin/4 hr vs 3.9---L0.3 mg pepsin/4 hr in the young group.
When histamine was administered twice during pylorus ligation, gastric acid secretion in young animals significantly increased. The volume and acid output were 6.7 ± 0.3 ml/rat and 222.1 ± 13.4 pEq/hr, respectively. Again, stimulated gastric acid secretion in aged animals caused by histamine was lower than that in young animals. The values were 3.5 ± 0.5 ml/rat and 84.7 ± 15.5 tEq/hr.
The pepsin output in aged animals was also lower than that in young animals. Gastric mucosal blood flow In young animals, the gastric mucosal blood flow at the ulcer edge was markedly increased as compared to that in the intact mucosa, the increase being 149.5 --±:14.901o (Fig.  4) . The gastric mucosal blood flow at the ulcer edge in aged animals was also increased, the increase, however, was significantly lower than that in young animals, it being 117.1 ±6.1 %.
Serum and antral gastrin levels and mucosal proliferative activity
The serum gastrin level under non-fasted conditions was not affected by aging, the values being 339.3-h38.2 pg/ml in the young and 294.9 ± 33.3 pg/mI in the aged group (Fig. 5) . However, the antral gastrin concentration in aged animals was significantly lower than that in young animals, the value being 10.3 ±0.5 ng/mg tissue (vs 25.3±2.8 ng/mg tissue in young animals). Furthermore, the mucosal DNA synthetic activity in aged animals was significantly lower than that in young animals, the value being 408.2 ± 39.3 dpm/pg DNA (vs 830.3 ±:82.5 dpm/pg DNA in young animals). ,a ,,,,,,,,,,,,,,,,,,, 
Gastric motility
The intragastric pressure in young and aged animals increased significantly by 3-fold when the vagus nerve was stimulated electrically (Fig. 6 ). There was no significant difference between the two groups. Under the condition of atropine or phentolamine administration, electrical vagal stimulation caused a marked decrease in intragastric pressure by 40% in young animals. However, the reduction in intragastric pressure was significantly inhibited in aged animals, the reduction being only about 10%. In the present study, we used the kissing gastric ulcer model that we recently established (13) . Since kissing gastric ulcers do not adhere to the surrounding organs, they are useful for investigating the mechanism of gastric ulcer healing. We confirmed in Fischer-344 rats that the process of gastric ulcer healing could be divided into two phases (the early phase has a fast healing rate and the late phase has a slow healing rate). A histological study showed that regeneration of the ulcerated mucosa was mainly observed in the late phase of the ulcer healing process. This was consistent with our previous report (12) . Although aging had no effect on ulcer development and little effect on ulcer healing rate, regeneration of the ulcerated mucosa was decreased and tissue contraction was increased in aged animals, as compared to those in young animals. These results suggest that the quality of ulcer healing differs between young and aged animals. Therefore, we compared gastric functions related to ulcer healing in young and aged animals.
Gastric acid is a negative component for ulcer healing. In fact, repeated administration of histamine was reported to delay ulcer healing (21) , and acid inhibitory agents accelerate ulcer healing (22, 23) . In agreement with the results of others (1, 2), we found that the basal and histamine-stimulated gastric acid secretions in aged animals were significantly lower than those in young animals. We found that gastric acid secretion in aged animals was significantly increased as compared to the basal value when histamine was administered. Since 20 mg/kg of histamine causes a maximal increase of gastric acid secretion in rats (24, 25) , it is suggested that the number of parietal cells might be decreased in aged animals, rather than that there is a reduction in the response of parietal cells to secretagogues.
Since an increase in or maintenance of the gastric mucosal blood flow at the ulcer margin is generally believed to play an important role in ulcer healing (26, 27) , it is considered to be a positive component in ulcer healing. In the present study, we confirmed that gastric mucosal blood flow at the ulcer margin was increased as compared to that in the intact mucosa in young and aged animals. Hirose et al. (26) reported that increased gastric mucosal blood flow at the ulcer margin was decreased by indomethacin treatment. Brzozowski et al. (27) reported that nitric oxide (NO) synthase inhibitors decreased the gastric mucosal blood flow at the ulcer margin. From these reports, it is suggested that prostaglandins and NO are involved in the increase or maintenance of gastric mucosal blood flow at the ulcer margin. In aged animals, the increase in blood flow at the ulcer margin was significantly inhibited, probably due to decreases in the prostaglandin content and NOsynthetic system in the gastric mucosa. In fact, the gastric mucosal prostaglandin content and NO-synthetic system in aged animals were reported to be lower than those in young animals (28 -30) .
In general, serum gastrin is known to increase under conditions of high intragastric pH (31) . However, we found that the serum gastrin level did not increase in aged animals in spite of reduced gastric acid secretion, as compared with that in young animals. Khalil et al. (1) reported that the antral gastrin concentration in aged animals was lower than that in young animals. The decreased antral gastrin concentration may explain why the serum gastrin level did not increase in aged animals. Several investigators suggested that mucosal cell proliferation is one of the crucial factors in the healing of gastric and duodenal ulcers (32, 33) . In a study involving the incorporation of 3H -thymidine into DNA , we found that the gastric mucosal proliferative activity in aged animals was significantly lower than that in young animals. In fact, the histological study showed that regeneration of the ulcerated mucosa was significantly less in aged animals, as compared to that in young animals. That the serum gastrin levels were almost the same in young and aged animals suggests that the response of gastric mucosal cells to gastrin decreased with aging or aging influenced other growth factors. Several investigators reported that the serum gastrin level in aged animals was significantly lower than that in young animals (3 -6) . The reason for the difference in the results between these groups and ours appears to be the different experimental conditions. They determined serum gastrin levels under fasted or postprandial conditions, while we determined them under normal feeding conditions. Since growth factors such as EGF and FGF were reported to be involved in angiogenesis, which is considered to play an important role in ulcer healing (34, 35) , the effect of aging on angiogenesis should be considered as well.
Recently, we reported that unilateral vagotomy (36) and liquid diet ingestion (12) shrink ulcer size, suggesting the involvement of the inhibition of gastric distension. Since Konturek et al. (37) indicated that ulcer healing rate is dependent on its initial size, it is possible that shrinkage of ulcer size causes ulcer healing. In the present study, we found that the length of the ruptured muscularis mucosa in aged animals was significantly less than that in young animals, indicating that aging promotes tissue contraction. Indeed, the daily food consumption was similar in young and aged animals, while the stomachs of aged animals were bigger than those of young animals. Furthermore, the contraction of the gastric wall induced by electric vagal stimulation was almost the same in both groups, while the relaxation under the condition of pretreatment with atropine or phentolamine was significantly inhibited in aged animals. Considering these findings, the daily stomach distension in aged animals is considered to be inhibited. Therefore, as to the gastric distension, aging seemed to accelerate the healing of gastric ulcers.
Thus, aging decreases gastric acid secretion and stomach relaxation, probably resulting in the promotion of ulcer healing, while aging decreases gastric mucosal blood flow at the ulcer margin and mucosal cell proliferation, probably resulting in retardation of ulcer healing. Therefore, the lack of an influence of aging on the healing rate of gastric ulcers can be explained by the counterbalance of positive and negative components for ulcer healing. The process of healing of gastric ulcers is generally believed to be similar to that of wound healing (38) . Considering that several investigators reported that wound repair in aged subjects was delayed as compared to that in young subjects in man (39) and experimental animals (40) , the healing of gastric ulcers should be delayed in aged animals. However, the present study showed that the healing rate of gastric ulcers in aged animals was almost the same as that in young animals. It is considered that the discrepancy between the healing of wounds and gastric ulcers can be explained by the existence of gastric acid and the movement of the stomach. Acid secretion and gastric distension, which are negative components for ulcer healing, were decreased in aged animals. Since it is possible that the quality of ulcer healing in aged animals is different from that in young animals, the response of gastric ulcers in aged animals to various antiulcer drugs may be different from that in young animals.
We concluded that aging had little or no effect on the development and healing rate of kissing gastric ulcers induced in rats, but the quality of ulcer healing was quite different between young and aged animals, probably resulting from various types of gastric dysfunction, including positive and negative components for ulcer healing caused by aging.
